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5ABSTRACT
Three anionic and two cationic isoenzymes were
isolated from horseradish peroxidase by polyacrylamide
gel disc electrophoresis. Their molecular weights, which
were around 40,000, were slightly different from each other.
The carbohydrate contents of the peroxidase isoenzymes
ranged from 10 to 33% by weight. The isoelectric points (pI)
of the anionic peroxidase isoenzymes were about 3.7 but
those of the cationic isoenzymes were higher than 9.0.
The peroxidase isoenzymes had different affinity
toward H2O2 and the hydrogen donor guaiacol. The pH
optima of them were similar, A2 and A3 had maximal activity
at pH 6.5 while others at pH 7.0.
All the five peroxidase isoenzymes appeared to, have
IAA oxidase activity. Their IAA oxidase activities: showed
classic Michaelis-Menten kinetics, The cationic peroxidase
isoenzymes had greater affinity toward IAA than the
anionic ones. The pH optima of the peroxidase isoenzymes
for IAA oxidation reaction were the same (pH 6.0)0.
The peroxidase isoenzymes exhibited temperature
optima at 75-80°C. Moreover, their temperature of
6denaturation were very high, about 73.5°C for the anionic
isoenzymes and 87°C for the cationic isoenzymes. After
the peroxidase isoenzymes were oxidized with periodate,
their temperature optima and temperature of denaturation
were shifted to lower temperature ranges. The time required
to reduce 50% of their activities after pre-incubated at
70°C was also decreased from 4 to 10 folds. From the
correlation between the carbohydrate content and the time
required for 50% reduction in activity after pre-incubated
at 70°C of the partially oxidized isoenzyme C2, it seems
that carbohydrate moieties might play a role in maintaining







A. Peroxidase (Donor: H202 oxidoreductase;
E.C. 1.11.1.7)
1. General aspects of peroxidase 6
2. IAA oxidation activity of peroxidase 9
3. Physiological roles of peroxidase 12
B. Factors afftecting the thermal stability of
protein molecules
1. Introduction 23
2. Intrinsic factors 27
3. Extrinsic factors 30
MATERIALS AND METHODS
A. Separation of peroxidase isoenzymes from
crude horseradish peroxidase 37
B. Gel staining procedures
1. Peroxidase staining 41
2. Protein staining 41
3. Glycoprotein staining 42
C. Isolation and purification of peroxidase
isoenzymes 42
D. Assay of peroxidase activity 43
E. Assay of IAA oxidase activity 44
F. Protein determination 44
G. Molecular weight determination 45
H. Isoelectric point determination
48
I. Carbohydrate content determination 50
J. Determination of temperature of denaturation
51
K. Oxidation of peroxidase isoenzymes 52
8RESULTS
A. Isoenzyme pattern of horseradish
peroxidase 54
B. Physicochemical properties of peroxidase
isoenzymes
1. Molecular weight 71
2. Isoelectric point 71
3. Carbohydrate content 71
C. Catalytic activities of peroxidase isoenzymes
1. Peroxidase activities of isoperoxidases 84
2. Michaelis-Menten Constants (Km) of
isoperoxidases 84
3. pH profiles of isoperoxidases 85
D. IAA oxidase activities of peroxidase isoenzyme
1. IAA oxidase activities of isoperoxidases 100
2. Michaelis-Menten Constants (Km) of
isoperoxidases for IAA oxidation 100
3. pH profiles of isoperoxidases for IAA
oxidation 100
E. Thermal stability of peroxidase isoenzymes
1. Change in carbohydrate content of
isoperoxidases before and after periodate
oxidation 112
2. Native peroxidase isoenzymes:
a. Temperature dependence of peroxidase
activity 112
b. Peroxidase activity after 70oC
pre-incubation 113
C. Temperature of denaturation 113
3. Periodate oxidation of peroxidase
isoenzymes:
a. Temperature dependence of peroxidase
activity 114
b. Peroxidase activity after 70°C
pre-incubation
c. Temperature of denaturation
4. Partial oxidation of peroxidase
isoenzymes:
a. Change in carbohydrate content after
partial peri.odate oxidation
b. Peroxidase activity after 70 °C
pre-incubation
DISCUSSIONS
A. Horseradish peroxidase isoenzyme pattern
B. Physicochemical and catalytic properties
of peroxidase isoenzymes
C. IAA oxidase activities of peroxidase
isoenzymes












2Feroxidase (Donor: H202 oxidoreductase E.C .1 .11 .1 .7)
is widely distributed among higher plants. One of the
richest sources of peroxidase is the root of horseradish
(Scandalios, 1974).
Peroxidase is characterized by the existance of a
large number of isoen zyme s. The peroxidase activity as
well as its isoenzyme pattern vary from species to species,
and alter under different physiological conditions or
developmental stages (Bajaj, et al., 1973 Birecka et al.,
1972 Bricage, 1982 Dezsi, 1975 Fielding and Hall, 1978
Gordon and Allridge, 1971 Gurumurti and Nanda, 1974
Kruger and LaBerge, 1974 Pawar and Gupta, 1975 Wolter
and Gordon, 1975).
Peroxidase has been found associated with various
physiological processes, such as lignin formation (Hahlbrock
and Grisebach, 1979, Harkin and Obst, 1973 Kutsuki and
Higuchi, 1982 Mader and Amberg-Fisher, 1982 Ohguchi and
Asads, 1975), disease resistance (Hashim et al., 1980
Matsuno and Uritani, 1972), wound healing (Borchert, 1978),
stress resistance (Dwivedi et al., 1979 Mali and Mehta,
1977 Mukherjee and Choudhuri, 1981 Siegel et al., 1982
Thakur et al., 1981), abscission (Kar and Mishra, 1976
Stewart and Bewley, 1980 Truelove et al., 1975), fruit
3ripening (Frenkel, 1972 Ku et al., 1970a Mattoo and
Modi, 1975), etc. However, the precise functions of
peroxidase in plant growth and development is still not
well understood0
In addition to the peroxidation reaction, other
reactions catalyzed by peroxidase have also been demons-
trated, including the oxidation of IAA, which has
rece ived much attentions (Fieldes et al., 1982 Grison and
Filet, 1982 Hoyle, 1972 Palmieri and Giovinazzi, 1982
Ray and Biswas, 1980 Robinson and Nagel, 1982 Sequeira
and Mineo, 1966 Thomas and Jen, 1980 Yamazaki et al.,
1968). Whether the oxidation of IAA by peroxidase is a
general phenomenon is still obscure.
Peroxidase is glycoprotein in nature (Gaspar et al.,
1982 Jutisz and. de la I,lo sa, 1972). It has long been
suggested that glycoproteins are less susceptible to
heat denaturation than are other types of proteins
(Arnold, 19 69 Nakamura and Hayashi, 1974 Pazur and
Aronson, 1972 Sharon, 1975 Tashiro and Trevithick, 1977).
Studies on the three-dimensional structure of glyco-
,proteins lead to the proposal that carbohydrate moieties
might function as stabilizers of the protein molecule
(Arnold, 1969 Choy et al., 1979 Pazur and Aronson, 1972
4Sharon, 1975), However, the role of carbohydrate in
maintaining the thermal stability of glycoproteins is
still hypothetical.
In this investigation, anionic and cationic peroxidas
isoenzymes were separated and purified from crude
horseradish peroxidase by means of polyacrylamide gel
disc electrophoresis. The physicochemical and catalytic
properties of these peroxidase isoenzymes were studied.
The correlation between the carbohydrate content and the
thermal stability of the peroxidase isoenzyme s was also
investigated.
LITERATURE REVIEW
6A. Peroxidase (Donor: H.O. oxidoreductase E .C. 1 11 .1 .7)
1. General aspects of peroxidase
Peroxidases oxidize a wide range of hydrogen
donors such as phenolic substances, cytochrome c,
nitrite, leuco-dyes, ascorbic acid, indoles, amines,
and certain inorganic ions, especially the iodide ion
at the expense of hydrogen peroxide (Huff, 1982
Sawahata and Neal, 1982 Scandalios, 1974 Yamazaki,
1974). Thus, peroxidases are unspecific with respect
to the hydrogen donor but are highly specific with
respect to the peroxide.
Peroxidases probably react with hydrogen peroxide
and hydrogen donor in the following manner (B j orksten,
1966 Fox et al., 1965 Ljunggren, 1966Y:
Peroxidase+ H202-- Intermediate. compound
Intermediate compound+ AH2 (donor) Peroxidase+ H2O+ A
Besides the peroxidation of electron donors,
various reactions have been found to be catalyzed by
peroxidase as well, i.e. aerobic oxidations of dihydro-
xyfumarate (Chance, 1952 Swedin and Theorell, 1940),
IAA (Hoyle, 1972 Sequeira and Mineo, 1966), triose
7reductone (Yamazaki et al., 1956), NADH (Akazawa and Conn,
19 58 Yokota and Yamazaki, 1965), naphthohydroquinone
(Klapper and Hackett, 1963), hydroxylation of aromatic
molecules (Buhler and Mason, 1961 Mason et al., 1957)
and halogenation (Hager et al., 1970 Morrison et al.,
1970).
Peroxidases are composed of a colourless glycoprotein






The amino acid composition of peroxidases has been
extensively studied in many plant tissues such as in
horseradish, Japanese radish, wheat, turnip, tobacco and
cultured peanut cell (Aibara et al., 1981 Kim et al.,
1980b Paul and Stigbrand, 1970 Shih et al., 1971
Shimizu and Morita, 1966 van Huystee and Maldonado, 1982
Welinder and Mazza, 1975). About 300 residues of 16 amino
acids were usually found in peroxidases together with
about 20% sugars (glucose, galactose, mannose, arabinose,
8xylose, fucose, 'hexosamine) (Gaspar et al., 1982).
However, it has also been reported that some isoperoxidases
apparently do not contain carbohydrates (Kim et al., 1980a
Powell et al., 1975).
Peroxidases are widely distributed among higher plants,
the richest known sources being the sap of fig tree and the
root of horseradish (Scandalios, 1974). The presence of
peroxidase in different cell fractions varies with the
isolation procedures but most studies indicate that they
are localized in the cell wall (Goff, 1975 Hepler et al.,
1972 Lee, 1974 Raa, 1973 Stafford and Bravinder-Bree,
1972 Whitmore, 1976 Yung and Northcote, 1975).
Peroxidases are characterized by the existance of a
large number of isoenzyme s. It is now recognized that
peroxidase isoenzymes are present throughout the plant
kingdom (Shannon et al., 1966). The number of peroxidase
isoenzymes varies from species to species, and even in
the same species, it varies from tissue to tissue.
Moreover, the peroxidase activity as well as its isoenzyme
pattern might alter under different physiological conditions
or developmental stages (Bajaj et al., 1973 Birecka
et al., 1972 Bricage, 1982 Dezsi, 1975 Fielding and
Hall, 1978 Gordon and Allridge, 1971 Gurumurti and Nanda,
91974 Kruger and LaBerge, 1974 Pawar and Gupta, 1975
Wolter and Gordon, 1975). Shannon (1968) has reported
that as many as eighteen isoperoxidases were found in
maize. The number of peroxidase isoenzyme s r in horseradish
root ranges from 7 to 20, depending on the mode of extrac-
tion, storage, and age of tissue (Scandalios, 1969
Scandalios, 1974). By isoelectric focusing, Hoyle (1977)
has demonstrated up to 42 isoenzymes in horseradish
peroxidase.
2. IkA oxidation activity of peroxidase
As mentioned in the previous section, peroxidase is
capable to catalyse several oxidation reactions. Among
these reactions, the oxidative destruction of IAA has
received much attention (Fieldes et al., 1982 Grison and
Pilet, 1982 Palmieri and Giovinazzi, 1982 Ray and Biswas,
1980 Robinson and Nagel, --1982 Sequira and Mineo, 1966
Thomas and Jen, 1980 Yarnazaki et al., 1968). However,
whether the oxidation of IAA by peroxidase is a general
phenomenon is not well understood. Three hypothesis have
been suggested in relation to the molecular 'residence'
of IAA oxidase activity (Hoyle, 1972 Gaspar et al., 1982
Srivastava and van Huystee, 1977):
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(1) the two types of activity are present on separable
and distinct enzymes, i.e. peroxidase and IAA oxidase
are different enzymes (Sequeira and Mineo, 1966)
(2) the two types of activity are resident on one enzyme
(peroxidase) but with two active centres (Fieldes
et al., 1982 Palmieri and Giovinazzi, 1982 Ray- and
Biswas, 1980 Thomas and Jen, 1980 Yamazaki et al.,
1968) and
(3) one or some members of the family of isoperoxidases
might be the primary residence of IAA oxidase activity
(Endo, 1968 Frenkel, 1972 Lee, 1974 MacNicol, 1966
Robinson and Nagel, 1982).
The idea of seperate enzymes was reported by Sequeira
and Mineo (1966). Using a SE-sephadex column, they reported
a major oxidase peak with little or no peroxidase activity
from both tobacco root extracts and commercial horseradish
peroxidase.
The belief :that both types of activity reside in one
enzyme- (i. e peroxidase) is more widely held (Fie lde s
et al. ,1982 Palmieri and Giovinazzi, 1982 Ray and Biswas,
1980 Thomas and Jen, 1980 Yamazaki et al., 1968).
Evidence offered in supporting this belief is that both
types of enzyme activity remain together through various
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stages of purification. The work of Siegel and Galston
(1967b) suggests that the dual catalytic functions of
peroxidase may result from two active sites on the same
enzyme. By separating the apoenzyme from its heme pros-
thetic group with acidified acetone, they found that
apoenzyme alone would oxidize IAA, but was devoid of
peroxidase activity. However, peroxidase activity could
be partially restored by recombining the heme and the
apoenzyme. Their work was challenged by Ku et al. (1970b)
who found that if the prosthetic group of the horseradish
peroxidase was removed by acid butanone, the apoenzyme
had almost no IAA oxidase activity.
MacNicol (1966) had separated four isoenzymes from
Alaska peas. He found that all of these isoenzymes could
catalyze the peroxidation of guaiacol and the oxidation
of..IAA, but the ratio of IAA oxidase and guaiacol peroxidase
of one of the isoenzymes was 10-fold higher than the next
most active isoenzyme. Lee (1974) also demonstrated that
isoperoxidases extracted from different subcellular frac-
tions varied greatly in IAA oxidase/peroxidase ratio. It
is particularly significant that the IAA oxidase activity
is relatively higher in the plasma membrane-rich fraction.
The ratio of IAA oxidase/peroxidase was 4-5 times higher
in the plasma membrane-rich fraction than in the cytoplasmic
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fraction, and 3-9 times higher than in the cell wall-rich
fraction. Robinson and Nagel (1982) had purified two
peroxidases from young seedlings of Pa aver somniferum,
only one of them was active toward IAA.
3. Physiological roles of peroxidase
Peroxidase has been shown to catalyse numerous
reactions in vitro, demonstrating its ability to oxidize
a wide range of hydrogen donors. It is possible that
peroxidase isoenzymes, employing different hydrogen donors,
perform multiple functions within a tissue or even within
a cell. To control such reactions, these peroxidase
isoenzymes might be either spatially or temporally
separated, or have different kinetic requirements. Such
diversities complicate considerably the elucidation of
any specific function of peroxidase in a given tissue.
Hence, although peroxidase has been studied for a long
time, its precise functions in plants are still obscure.
On the basis of available evidence, peroxidase probably
plays important roles in plant growth and development
through their participation in: lignin formation, disease




Lignin, the insoluble constituent of the cell wall,
is aromatic and of high molecular weight, iesulting from
the enzymic dehydrogenation and subsequent polymerization
of coumaryl, coniferyl, and sinapyl alcohols. It has been
suggested that peroxidase participates in the polymeriza-
tion of monomeric precursors leading to the formation of
lignin complexes (Hahlbrock and Grisebach, 1979 Harkin
and Obst, 1973 Kutsuki and Higuchi,* 1982 Mader and
Amberg-Fisher, 1982 Ohguchi and Asada, 1975 Siegel, 1956
Siegel, 1957 Stafford, 1963).
In the 1950's, Siegel (1956 1957) had demonstrated
that peroxidase would effect an in vitro oxidation of
eugenol to a lignin-like substance. It had been established
that the enzyme responsible for the polymerization of
p-coumaryl alcohol to-lignin was a phenol oxidase,- laccase.
By means of an indicator, syringaldazine, Harkin and Obst
(1973) found that no phenolic oxidation reactions occurred
on cross sections of tree branches or saplings or on
cambial tissue cultures unless hydrogen peroxide was added,
This indicated the absence of- laccase but presence of
peroxidase in lignifying cells. Peroxidase, therefore,
apparently is the enzyme that polymerizes p-coumaryl
14
alcohols to lignin in trees*
The hypothesis of peroxidase-catalyzed lignification
has been supported by Mader et al. (1980) and Kutsuki and
Higuchi (1982) who also demonstrated the involvement of
peroxidase in, the polymerization of cinnamyl alcohols to
form lignin,
Not much attention has been paid to the supply of
H 2 0 2 which is prerequisite for lignification (Stafford,
1974), It has been known that peroxidase can catalyze
the oxidation of NADH (Akazawa and Conn, 1958 Yokota and
Yamazaki, 1965). Furthermore, Elstner and Heupel (1976)
showed that horseradish peroxidases catalyzed the oxidation
of NADH with the concomitant formation of H202. This
H202 can then be used in vitro for the peroxidatic poly-
merization of cinnamyl alcohols leading to the formation
of lignin-like substances. Thus, it appears that peroxidase
catalyzes two entirely different reactions for lignin
biosynthesis: the formation of hydrogen peroxide and the
polymerization of cinn_amyl alcohols (Mader and Amberg-Fisher,
1982 Mader and- Fiussel, 1982 Mader et al., 1980).
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b. Disease resistance
Plants have mechanisms to defense against pathogenic
organisms, and peroxidase has been implicated as the
defense mechanism of plants (Bell, 1981 Birecka et al.,
1975 Farkas and Stahmann, 1966 Friend and Thornton, 1974
Gaspar et al., 1982 Hashim et al., 1980 Lovrekovich et
al., 1968 Plumbley et al., 1981).
When sweet potato.root tissue was infected with black
rot fungus Ceratocystis fimbriat a., peroxidase activity
increased in the healthy tissue adjacent to the infected
region (Matsuno and Uritani, 1972). Starch-gel zymograms
of peroxidase showed a new cationic isoenzyme appeared in
the tissue after infection.
The obligate parasite Microcyclus ulei infects young-
developing Hevea brasiliensis leaves -causing a serious
disease, South American Leaf Blight (SALE), on this crop.
Hashim et al. (1980) observed that there was some relation-
ship between resistance of Hevea leaves to SALB with the
level of peroxidase activity. Peroxidase activity was
higher in leaves from susceptible clones. However, infec-
tion of resistant leaves stimulated a greater increase
in peroxidase activity than the susceptible ones. No new
16
peroxidase isoenzyme was detected in this case, indicating
that increased peroxidase activities were due to the
increase in the activity of pre-existing isoenzymes.
Many researchers have found peroxidase activity
increased in both resistant and susceptible plants in
response to infection by virus, fungi or bacteria (Birecka
et al., 1975 Farkas and Stahmann, 1966 Friend and
Thornton, 1974 Lovrekovich et al., 1968). However, the
role of peroxidase in disease resistance is still not well
understood. Several functions have been attributed to
peroxidase in relation to the mechanisms of defense
against infection.
Lignification of infected tissue might be a mechanism
of resistance (Bell, 1981 Borchert, 1978 Vance et al.,
1980). Lignin forms ester linkages with fatty acid poly-
esters to yield suberin. Suberized cells are rarely
penetrated by pathogens. Thus lignin may contribute to
disease resistance by modification of cell walls. As
peroxidase is involved in lignin biosynthesis, the increased
peroxidase activity following pathogen inoculation may
intensify the formation of lignin. This hypothesis was
confirmed by Vance and coworkers (Vance and' Sherwood,
1976 Vance et al., 1976) who showed that cycloheximide,
17
which inhibited the resistance of canarygrass to
Helminthosporium averae, also blocked lignin biosynthesis
and activity of enzymes involved in lignin formation,
including peroxidase.
An alternative role of- peroxidase in disease resistance
might be to kill the pathogen. Venere (1980) demonstrated
that peroxidase isolated from blight-resistant cotyledons
formed a product, which was bactericidal to Xanthomonas
malvacearum, when incubated in the presence of catechin
and hydrogen peroxide. The production of these two compounds
was enhanced during infection. Urs and Dunleavy (1974)
also showed than Xanthomonas phaseoli var. sojensis, the
soybean pathogen, is susceptible to a peroxidase-mediated
antimicrobial system. Several phenols were found to
enhance the bactericidal effect of this system (Urs and
Dunleavy, 1975).
c. Stress resistance
Elevation of peroxidase levels has been reported as
a response to cold, drought, salt and other stresses in a
variety of plants (Dwivedi et al., 1979 Mali and Mehta,
..1977 Mukherjee and Choudhuri, 1981 Siegel et al., 1982
Thakur et al,, 1981). Mukherjee and Choudhuri (1981)
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found that increasing duration of water stress produced a
proportional increase in the activities of peroxidase in
seedlings of Vigna cat j ang. Their work was supported by
Thakur et al. (1981) who demonstrated distinct differences
in total peroxidase activity between drought resistant and
susceptible Zea mays plants on the advent of drought. A
continuous and marked increase in peroxidase activity,
expressed on a fresh weight basis, was observed in leaves
of the resistant cultivar and a significant decline in
the susceptible cultivar, one isoenzyme increased its
activity with stress in leaves of the resistant cultivar
but it disappeared in the susceptible cultivar.
d. Wound healing
Peroxidase activity has been implicated in wound
healing. Matsuno and Uritani (1972) reported that total
peroxidase activity increased significantly when sweet
.potato tissue was injured by cutting. A new cationic
peroxidase was induced at the cut surface of the tissue
slices which was accompanied by the formation of a lignin-
like substance. On the other hand, a high correlation
between peroxidase activity and suberization was observed
in cut-wounded potato tuber tissue (Borchert, 1978).
Peroxidase activity increased for several days after
19
wounding. Peroxidase content of the outermost suberizing
cell layer was more than 10 times higher than that of the
underlying tissue.
e. Ethylene production
Evidence has been shown that peroxidase is involved
in the production of the plant hormone ethylene in vitro
(Lieberman, 1979 Mapson and Wardale, 19 67 Mapson and
Wardale, 1971 Ku et al., 1969 Rohwer and Mader, 1981
Vioque et al., 1981 Yang, 1967 Yang, 1968 Yang, 1969
Yang and Baur, 1969). Mapson and Wardale (1969 1971)
demonstrated the conversion of methional ((3-methylthio-
propionaldehyde) or KMB (a-keto-'-methythiobutyrate) to
ethylene in cell-free extracts by three enzymes: a trans-
aminase, an oxidase and a peroxidase. Yang (1967 1968
1969) also showed that ethylene was rapidly formed from
methional or KMB by horseradish peroxidase in the presence
of manganese, sulfite, oxygen and specific phenols,
However, it is doubted whether such ethylene production
scheme occurred in the natural in vivo system.
More recent labelling studies of Adams and Yang (1979)
provided evidence that ethylene was synthesized in apple
tissue from methionine via S-adenosyl-methionine (SAM)
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and a 4-carbon amino acid, 1-amino cyclopropane-r1 carboxylic
acid (ACC), i.e.: methionine-- SAM-- ACC--ethylene.
In this model system, the conversion of ACC to ethylene is
found involving an oxidation reaction requiring H202
(I,izada and Yang, 1979). However, there is no evidence
to suggest the involvement of peroxidase in vivo,
f. other physiological activi'Uies of peroxidase
In addition to the physiological activities mentioned
above, level of peroxidase activity was found correlated
with many other physiological processes.
It has been reported that there is an inverse relat-
ionship between the cytoplasmic peroxidase level and the
growth rate (Birecka and Galston, 1970 Gardiner and
Cleland, 1974 van Huystee and Cairns, 1980). For example,
in Pisum sativum stems the more mature tissues which have
the lowest growth rates possess the highest amounts of
soluble peroxidase (Gardiner and Cleland, 1974). The
cessation of cell elongation in intact Pisum sativum
epicotyls. is accompanied by an increase in both .soluble
and wall.=bound peroxidases. Dwarf peas and corn have both
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a lowered growth rate and an elevated level of soluble
peroxidase as compared with the tall varieties (Birecka
and Galston, 1970). Causes for the inverse relationship
of peroxidase activity and growth have bees attributed
largely to the ability of peroxidase to oxidize IAA which
then lead to an inhibition of cell elongation (Birecka
and Galston, 1970 Hinnman and Fang, 1965 van Huystee
and Cairns, 1980).
Auxin retards ripening in bananas and grapes (Hale
et-al., 19 70 Vendre ll, 1969)e It has been shown that in
grapes, the level of endogenous auxin declined at the
onset of ripening. Since peroxidase can degradate IAA,
it is possible that peroxidase provides a basis for control-
ling ripening by destroying endogenous IAA. Frenkel (1972)
investigated isozymes of peroxidase and IAA oxidase in
pear, 'tomato, and the non-climacteric blueberry. An
increase in isozymes of IAA oxidase was found in each of
the fruits during ripening, but increase in peroxidase
isozymes was found only in pear-and tomato. Therefore, he
suggested that the increase in IAA oxidase in both cli-
macteric and non-climacteric fruits was consistent with
the view that fruit ripening is accompanied by an increase
in capacity for auxin degradation.
22
Peroxidase activity has also been linked with absci-
ssion, aging, senescence, dormancy and germination (Gaspar
et al., 1982). It could be that many physiological signi-
ficance of peroxidase in plants may be explained with its
relationship with IAA oxidase (Srivastava and van Huystee,
1977).
23
B. Factors affecting the thermal stability of protein
molecules
1. Introduction
Since most enzymes will be inactivated or even
denatured at high temperature, living organisms, in
general, cannot survive at high temperature conditions.
However, it is well known that some microorganisms
are able to live at temperature as high as 70-80°C
(Amelunxen and Murdock, 1978 Brock, 1978). In order
to survive at this high temperature, their enzymes
must be heat stable (Singleton and Amelunxen, 1973).
Indeed, various studies showed that thermophilic
enzymes were more resistant to heat inactivation.
For example, the glyceralde,hyde-3-phosphate dehydrogenase
from thermophiles exhibits thermostability as high as
90°C (Amelunxen and Murdock, 1978).
In addition, some glycoproteins such as glucamy-
lase I (Sharon, 1975), yeast invertase (Arnold, 19 69)
and peroxidase (Choy et al., 1979) were found more
heat stable than other protein molecules.
In order to possess the catalytic activities,
24
enzymes require a specific three-dimensional conformation
which is maintained by the folding of the polypeptide in
a specific manner. The specific native conformation of a
protein is the result of a large number of interactions
(Bull and Breese, 1973b Conn and Stumpf, 1976 Ferdinand,
1976). This stable three-dimensional structure of a
protein is markedly depending upon the solvent environment
of the protein. Small changes in the temperature, pH, or
ionic strength might cause drastic shifts in the balance
of forces between side chains, leading to the stabilization
of a quite different conformation (Brandts, 1969 Brandts
and Hunt, 1967 Bull and Breese, 1973a Freeze and Brock,
1970 Harrington, 1981 Hollecker and Creighton, 1982
Nojima et al., 1978 Nojima et al., 1977 Tanford, 1970a
von Hippel and Wong, 1962).
The change in optical density of proteins with
increasing temperature is shown in Fig. A. This is a
general pattern of thermal transition curves. Similar
observations were obtained in. studying the other properties
of proteins, such as optical rotation, UV absorbance, rate
of hydrogen exchange, intrinsic viscosity etc. In all
cases it appeared that the dependence on temperature of
the various parameters could-be generally represented by














a considerably narrow temperature range (Privalov, 1979).
This drastic change of a protein when it is being heated
indicates that there is a change in the conformation of
the protein molecule from a folding state to an unfolding
state, This transition from an ordered conformation to
an essentially disordered conformation is usually referred
to as denaturation (Brandts, 1969 Ferdinand, 1976 Lapanje,
1978 Lumry and Biltonen, 1969 Privalov, 1979 Tanford,
1970a).
In Fig. A, the s igmo idal change which in all cases
are more pronounced is usually called the denaturation
change and the corresponding temperature range is denoted
as the denaturational temperature range. The temperature
at which 50% of the protein molecules are in their native
state and 50% of them are denatured is defined as the
temperature of denaturation or the transition temperature
of the protein,
From the folding state to the denatured unfolding
state, there may be a number of partially folded interme-
diate states. However, these intermediate states will
not present in a large amount (Brandts, 1969). Hence only
two macroscopic states are needed to be considered. This
consideration is known as the 12-state model of
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conformational transition of proteins and this all-or-none
character of denaturation has been generally accepted
(Brandts, 1969 Lapanje, 1978 Lumry and Biltonen, 1969
Privalov, 1979 Tanford, 1970a Tanford, 1970b Tombs and
Blake, 1982)*
2. Intrinsic Factors
The thermal stability of aprotein could be changed
intrinsically by the alteration of amino acid sequences
of protein molecules, that is the alteration of their
primary structure. Usually, in the alteration, the
structure of the three-dimensional polypeptide backbone
is highly conserved.
Argos et al. (1979) had compared the amino acid
sequences of three proteins: ferredoxin, glyceraldehyde-
3-phosphate dehydrogenase, and lactate dehydrogenase from
both mesophilic and thermophilic organisms. Their
statistical results indicated that some amino acid residues
in the mesophilic proteins were differed in the corres-
ponding thermophilic proteins. It appeared that there
was a considerable preferance for alanine in the thermo-
philes. By studying carefully the properties of the
exchanged amino acids in the thermophiles, it was found
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that the most significant changes increased the internal
hydrophobicity of the thermophilic proteins. The helix-
forming ability of the amino acid residues in helices and
the sheet-forming tendency of residues in (s-sheets were
also increased. In addition, stabilization of the thermo-
philic proteins was achieved by slight increases in
bulkiness for internal residues to obtain better packing
organisation. Summation of all these effects by the
exchanges of amino acid residues may contribute to the
greater thermal stability of thermophilic proteins (Levitt,
1978 Rao and Argos, 1981).
Comparison of the amino acid sequences of the electron
transfer protein ferredoxin from species of Clostridium
indicated that their structure were closely similar
(Perutz, 1978). However, the ferredoxin from Clostridium
pasteurianum completely inactivated after 2 hours at 70°C.
The ferredoxin isolated--from C. acidiurici, C. tartarivorum
.and C. thermosaccharolyticum under the same condition
retained 20%, 50% and 90% of their activities respectively.
Perutz (1978) proposed that the only possible factor
contributing to the greater heat stability of ferredoxin
from the thermophilic organisms was the extra salt bridges
on the protein surface, especially those bridges linking
the amino acid residues near the N-terminal to the residues
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near the C-terminal (Perutz and Raidt, 1975).
Studies on glyceraldehyde-3-phosphate dehydrogenase
from Bacillus stearothermophlius and lobsters showed that
the thermal stability of the enzyme from the bacteria was
greater than that from lobsters (Perutz, 1978). The
serine 281 and glutamine 201 in lobsters were replaced by
arginine and glutamic acid in Bacillus. The arginine and
glutamic acid replacement could form salt bridges between
the four subunits of the enzyme but these were lacking in
lobsters, the mesophiles. It seems to suggest that the
greater heat stability of the thermophilic protein might
be due to the' presence of salt bridges.
Tuengler and Pfleiderer (1977) had found that the
modified pig heart lactate dehydrogenase formed by the
reaction of the t-amino group of lysines with methyl
acetimidate showed an enhanced stability towards heat,
At 65°C, after 30 minutes incubation, complete inactivation
was found in the native enzyme,-but more than 80% of
activity was retained by the modified one. Hence the
modified enzyme is more resistant to heat denaturation.
Possible explanations for the stabilization towards heat
denaturation by acetamidination could be an increase of
the water layer around the enzyme and/or ionic effects
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due to the alteration of the E.-amino group of lysines to
arginine-like group after the modification.
Similar results were obtained in lactate dehydrogenase
from thermophilic bacteria (Frank et al,, 1976), The
thermostable enzyme differs from the thermolabile one of
the same bacteria cultivated at different temperatures
only by a high exchange of lys ine s to arginine s.
Chemical modification of the Z-amino group of lysines
of horseradish peroxidase by anhydrides of mono- and di-
carboxylic acids and picryl sulf on is acid had been
performed by Ugarova et al. (1979). The native enzyme
had the highest catalytic activity around 50°C, whereas
the modified enzyme displayed a maximum activity at 55-
65°C C. The increase in thermostability in this case might
be due to the decrease of the conformational mobility in
the protein moiety around the heme which made this protein
more rigid,
3. Extrinsic Factors
It was found that addition of certain ligands could
alter the thermal stability of proteins. In this section,
the effect of ions, carbohydrate moieties and some
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polymerising reagents on the thermal stability of protein
molecules are reviewed*
a. Effect of ions
It was found that neutral protease A derived from the
mesophilic organism, Bacillus subtilis, was inactivated at
58°C whereas the thermostable neutral protease, thermolysin,
derived from the thermophilic organism, Bacillus
thermoproteolyticus, was not yet heat inactivated until
84°C (Pangburn et al., 1976).
Thermolysin and neutral protease A -are neutral metal-
loendopeptidases having similar specificity, molecular
weight, metal content, and amino acid composition. The
structural homology and functional analogy of these two
proteins support the concept that they have similar con-
formation. The sensitivity of both enzymes to thermal
inactivation was found dependent upon the presence of
calcium. It was shown that removal of bound calcium
decreased the thermal stability of thermolysin but not
the-,catalytic activity of it (Feder et ale, 1971).
Therefore, it was suggested that calcium played an important
role in maintaining the integrity of the tertiary structure
of the protein.
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Comparison of the amino acid compositions of neutral
protease A and thermolysin revealed that thermolysin had
a higher proportion of hydrophobic residues. On the other
hand, neutral protease A appeared to bind less calcium
than thermolysin. It might be suggested that the relatively
more hydrophobic nature of thermolysin promoted a more
stable protein core. and that the larger number of calcium
binding sites and/or salt bridges increased the activation
energy for the transition of this protein to the denatured
state.
The effect of a number of ions on the thermal
stability of hemoglobin and myoglobin had been examined
(Cho and Choy, 1980 Cho et al.,-. 1982). The binding of
specific ligands altered the transition temperature of
both hemoglobin and myoglobin, thus implying changes in
thermal stability of them.
Among the ligands studied, cyanide and azide were
found most effective in protecting the two protein, i.e.
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increased the transition temperature of them. Fluoride
could stabilize the proteins to some extent whereas
thiocyanate could not. Imidazole only stabilized myoglobin
to a small extent and slightly destabilized hemoglobin,
The reason that cyanide and azide were more effective
in protecting the proteins was found to be that cyanide and
azide had stronger binding affinities than the other ligands.
It was suggested that the structural changes of the protein
molecules upon binding of a specific ligand might be due
to some steric interactions.
b. Effect of carbohydrate moieties
Borrebaeck and Mattiasson (1980) demonstrated that
the binding of carbohydrate to coricanavalin A could
stabilize the structure of the protein. They incubated
concanavalin A with four different carbohydrates, the
D-fructose, methylX-B-glucopyranoside, ,o trehalose and
methyl cc-B-mannopyranoside. With greater association
constant with certain carbohydrate molecule, a higher
thermostability will-be attained by the modified concana-
valin A. Hence binding of carbohydrate might increase
the structural integrity of a protein so that it became
more heat resistant..
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Support for this relationship between carbohydrate
content and resistance to heat denaturation could be
obtained from the work on tobacco leaf perQxidase (Choy
et al., 1979). It was found that this peroxidase consisted
of two isoenzymes, Pl and P2. The isoenzyme Pl had
26.22% carbohydrate content by weight, while the isoenzyme
P2 had only 21 .45/ -.carbohydrate. Assigning the activities
of both Pl and P2 at 27°C as 100%, at 70°C, the activity
of Pl was increased to ,2 65% while that of P2 was increased
to 140%, Hence Pl had: a greater increase in percentage
activity at 700C. This higher maximum activity of Pl was
proposed to be due to a lower degree of denaturation
because of the presence of greater carbohydrate content,
C. Effect of polymerizing agents
In general, the inactivation of protein is mainly
due to the unfolding of its molecule. Martinek et al.
(1977a 1977b •Tor.bhilin et al., 1978 Torchilin et al.,
1979) proposed that some denaturing action might be
sharply retarded provided the protein molecule was
rigidified by being attached to a rigid support in a
multipoint fashion* They performed their experiments
firstly by modifying the chymotrypsin with a monomeric
analogue, such as acrolein and acryloyl chloride. Then
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this preparation was copolymerised by trapping in poly-
acrylamide gel (or polymethacrylate gel), Hence the
enzyme was chemically attached to the three dimensional
lattice of a polymeric gel. By measuring the activities
of the native and immobilized enzyme, they found that
the thermostability of the immobilized enzyme exceeded
by far that of the native one. The native enzyme was
totally inactivated within several minutes at 60°C C. Yet
the immobilized one retained 70% of its activity even
after a three-hour incubation in this temperature.
MATERIALS AID METHODS
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A. Separation of peroxidase isoenzymes from crude
horseradish peroxidase.
Horseradish peroxidase was purchased from Sigma
Drug Co. (128C-9700, type II).
The crude horseradish peroxidase was separated by
polyacrylamide gel disc electrophoresis into anionic and
cationic isoperoxidases according to the method suggested
by Davis (1964) and Reisfeld et al. (1962) respectively.
Gels for separation of isoperoxidases were prepared from
the stock solutions listed in Table 1 (for anionic isoen-
zymes) and Table 2 (for cationic isoenzyme s).
The running (lower) gel contained 1 part of solution
A, 2 parts of solution C, 1 part of water and 4 parts of
solution F. The spacer (upper) gel contained 1 part of
solution B,'2 parts of solution D, 1 part of solution E,
and 4 parts of water.
During the preparation of gel columns, glass tubes
(10 x 1 cm internal diameter) were tightly closed at one
end with parafilm and stood upright on a rack. The running
gel solution (5.5 ml) was loaded into each glass tube, and
carefully overlaid with 0.1 ml of distilled water. It
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Table 1. Stock solutions for the gels used in the
separation of anionic isoperoxidases










(C) Acrylamide 28.00 g
bis 0.74 g
to 100.00 mlwater
(D) Acrylamide 10.00 g








Table 2. Stock solutions for the gels used in the
separation of cationic isoperoxidases
48.00 mlA) 1N KOH




48.00 ml(B) 1N KOH
















took about 30 min. for the gel to polymerize. After
removal of the water layer, 1.5 ml of spacer gel solution
was added on top of the running gel. Approximately 0.1 ml
of distilled water was then carefully overlaid on top of
the spacer gel solution to facilitate the polymerization.
With the aid of illumination from a daylight fluorescent
lamp, the spacer gel solution polymerized within 15 min.
Tris-glycine buffer, containing 0.6 g Tris and 2.88 g
glycine per litre of water, pH 8.3 was used as the reser-
voir buffer for the anionic system while alanine-acetic
acid buffer with' 3.12 g (-alanine and 0.8 ml acetic acid
per litre of water, pH 4.5 was used as the reservoir
buffer for the cationic system.
For the separation of anionic isoperoxidases, 50 mg
crude. horseradish peroxidase was dissolved in 1 ml of
Tris-glycine buffer (pH. 8.3). This sample solution was
then mixed with 0.2 ml of the tracking dye which consisted
of 0.1% bromophenol blue in solution D (Table 1). The
enzyme sample for the separation of cationic isoperoxidases
was prepared in a similar way but the buffer solution was
changed to (3-alanine-acetic acid buffer (pH 4.5) and the
tracking dye-used was 0.1% methylene blue in solution D.
By the use of a microsyringe, 100 }il of the sample solution
was applied to the top of the spacer gel.
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For the separation of anionic isoperoxidases, the
anode was connected to the bottom reservoir and the cathode
to the top. Electrophoresis was continued for 2' hours
at a constant current of 12 mA per column in a 4°C cold
room. On the other hand, with the anode connected to the
upper reservoir and the cathode to the lower one, electro-
phoresis was run for 32 hours until the tracking dye
reached the end of the gels for the separation of cationic
isoperoxidase s.
B. Gel staining procedures
1. Peroxidase staining
Isoperoxidases were located by staining the gel
column with a solution consisting of 5 mM H202 (freshly
diluted from 35% (w/v) H202), and 10 mM guaiacol in
phosphate buffer (10 mM, pH 7.0) (Yung et al., 1979).
2. Protein staining
Protein bands were located by staining the gel
column with 0.25% Coomassie Brilliant Blue in a solu-
tion of acetic acid/methanol/water (1/5/5 v/v/v) for
2 hours and destained in a solution of acetic acid/
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methanol/water (1/3/10 v/v/v) (Yung et al., 1979).
3. Glycoprotein staining
Gels, after washing in fixing solution containing
40% methanol and 7% acetic acid overnight, were oxidized
for 1 hour at room temperature with 1% HIO 4 in 7%
acetic acid in the dark. The gels were then washed
in a destaining solution (7% acetic acid) overnight
(at least three changes). Finally the gels were stained
in the dark at 4°C for 1 hour with Schiff' s Reagent.
Glycoproteins in the gel would appear as pink bands.
To obtain a clear background, the gel was washed with
1% Na2S20 5 in 0.1 N HC1 (Glossmann and Neville, 1971).
C. Isolation and purification of peroxidase isoenzymes
Isoperoxidases were separated by polyacrylam ide gel
disc electrophoresis. At the end of electrophoresis, a
thin strip of gel was cut off from the gel column and
stained with hydrogen peroxide and guaiacol to locate
peroxidase bands. With this stained thin strip of gel as
reference, the isoperoxidase bands were cut off from the
gel column and separated from each other. All these
processes were undertaken in a 4°C cold room.
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Pure isoperoxidases were obtained by re-electrophore-
sis. Special columns with a thin disc of gel were prepared.
The end of each column was fastened to a dialysis bag (M.
WO cut off: 12,000). Gel fractions containing isoper-
oxidase were packed into these special columns. After
running electrophoresis overnight (4°C, 8 mA per column),
the isoenzymes trapped in the gel discs were collected in
the dialysis bags. The dialysis bags were then removed
from the gel column, dialysed against water for 48 hours,
The isoenzymes were lyophilized at the end and stored in
the refrigerator.
D. Assay of peroxidase activity
The enzyme activity was assayed by the modified
method of Maehly and Chance (Maehly and Chance, 1964
Yung and Northcote, 1975). The reaction mixture contained
1 ml of sodium phosphate buffer (10 mM, pH 7-0), 2 ml of
guaiacol (20 mM), and 0.05 ml of the enzyme solution.
The reaction was started by the addition' of 0.15 ml of
hydrogen peroxide (20 mM, freshly diluted from 35% (w/v)
H202). The change in absorbance at 470 nm of the mixture
was recorded. One unit of peroxidase activity was defined
as that brings about an increase of 1.0 in the A470/mi.n.
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E. Assay of IAA oxidase activity
A modification of the procedure suggested by Ray
(Ray, 1956 Sequeira and Mineo, 1966) was used in the
determination of IAA oxidase activity. The reaction
mixture contained 0.125 ml 1 mM 2, 4-dichlorophenol, 0.375
ml of a mixture of 1 mM IAA and 0.5 mM MnC12• H20, 1.750 ml
of 0.02M KH2PO4 at pH 4.7, and 0.250 ml of enzyme sample.
The. cofactors, buffer, substrate, and: enzyme were incubated
separately at 34°C before mixing in aquartz cuvette.
After the addition of enzyme, change in absorbance at
247 nm was recorded. One unit of enzyme activity was
defined as that which brings about an increase of 1.0 in
the A247 /min,
F. Protein determination
Protein contents were determined according to Lowry's
method (Lowry et al., 1956). Reagent A contains 2% (w/v)
Na2CO3 (in 0.1 N NaOH), 1% (w/v) CuSO4 5H20, and 2% (w/v)
sodium-potassium tartrate. Reagent B is -1 :1 diluted Folin
Reagent. In the determination of protein concentration,
2 ml of reagent A was added to 0.5 ml protein sample and
mixed instantly. After 10 minutes, 0.2 ml reagent B was
added and the mixture was mixed thoroughly. After 30
45
minutes, the absorbance was measured at 750 nm against
blank. The blank contained 0.5 ml distilled water, 2 ml
reagent A, and 0.2 ml reagent B. The protein content was
determined from the protein standard curve which was
prepared by bovine serum albumin (0.02-0.10 mg),
G. Molecular weight determination
The molecular weights of the peroxidase isoenzymes
were determined by sodium dodecyl sulphate (SDS) gel
electrophoresis (Dunker and Rueckert, 1969 Laemmli, 1970
Weber and Osborne, 1969). The slab gel system suggested
by Reid and Bieleski (1968) and Studier (1973) was used.




(B) Tris 36.3 g
ml1N HC1 78
to 200water ml (final pH 8.8
10(C) SDS g
to mlwater 100
(D) Tris 6.04 g
1N HC1 ml43
water to ml (final pH 6.8)100
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The buffer solution for reservoir was prepared as
follows: Tris, 6 g glycine, 28.8 g SAS, 2.0 g water to
make 2 litres. The final pH of the buffer solution was
8.3.
The enzyme samples or protein standards were prepared
as follows:
1 .25 mlsolution D











Each sample mixture was heated in a 100°C water bath for
2 minutes before applied into the gel. With a microsyringe,
100 11l (containedaboUt 200 ug enzyme) enzyme sample was
layered under the electrode buffer into the bottom of each
sample well.
With the cathode connected to the upper reservoir
and the anode to the bottom, electrophoresis was continued
for about 6 hours at a constant current of 15 mA.
The gel, after electrophoresis, was removed from the
glass plates carefully and stained in the staining solu-
tion (0.25% Coomassie Brilliant Blue 2.5 g, absolute
methanol 454 ml, glacial acetic acid 92 ml per litre of
water) for one to two hours. After that the gel was
destained in a destaining solution consisting of 50%
methanol and 71-2% acetic acid overnight. This solution was
changed several times to obtain a clear background. Then
the gel was de stained further with a second de staining
solution consisting of 5% methanol and 71-2% acetic acid..
Sharp protein bands with a clear background would be observed
from the gel at that time.
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To preserve- the destained gel, firstly it was placed
on top of a plastic plate for air drying. Then the dried
gel was immersed in distilled water and was allowed to
swell to a favorable size. This swelled gel was mounted
on a glass plate in between 2 sheets of transparent paper.
Water droplets was added in between each layer to avoid
trapping air bubbles. The gel, together with the 2 sheets
of transparent paper and glass plate were then dried in a
dessicator or air dried. The dry preserved gel could be
stored for a long time with- little changes,
H. Isoelectric point determination
Isoelectric points of the peroxidase -isoenzyme s were
determined by isoelectric focusing according to the proce-
dure of Allen (1974). Ready-made polyacrylamide gel plate
containing Ampholine, pH range 3.5-9.5, was produced by LKB.
The gel concentration was 5% with 3% cross-linkage, the
Ampholine concentration was 2.4% (w/v), and the gel dimen-
sions were 245 x 110 x 1 mm. The peroxidase: isoenzyme s
were dissolved in distilled water giving a concentration
of 1 mg/ml. About 25 up of each of the samples was applied
onto the gel simply by dipping a sample application piece
in the sample solution and then laying it on the gel
surface. Electrolyte solutions were soaked in electrode
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strips laid along the long edges of the gel, 1M H3P04 and
1M NaOH were used as anode and cathode electrode solution
respectively. The platinum wire electrodes were held
parallel in the lid of the electrofocusing apparatus
providing a uniform field strength over the gel. The iso-
electric focusing was continued for about 1- hour. at 20
watts constant power with the coolant at 6°C in a Pharmacia
flat bed electrophoretic apparatus 3000.
After focusing, the gel was fixed by immersing in
the fixing solution (17.3 g sulpho salicylic acid, 57.5 g
trichloroacetic acid in 500 ml-of distilled water) for
one hour. This would irreversibly precipitate the proteins
and wash out most of the Ampholine. The remainder of the
Ampho.line was washed out by placing the gel in destaining
solution (500 ml absolute ethanol and 160 ml glacial acetic
acid made up to 2 litres with distilled water).- The gel
was then stained in the staining solution (0.46 g Coomassie
Brilliant Blue R250 in 400 ml de staining solution) for 2
hours in room temperature, -Background stain was removed
by the destaining solution mentioned above. Several changes
of the destaining solution was necessary to obtain a clear
background.
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I. Carbohydrate content determination
The neutral sugars, after being converted to their
corresponding alditol acetate derivatives, of the peroxidase
isoenzymes were determined qualitatively and quantitatively
by gas liquid chromatography (Choy et al., 1979 Clamp
et al., 1972 Niedermeier, 1971 Niedermeier and Tomana,
1974 Scloeker, 1972).
About 2 mg of purified peroxidase isoenzyme was
hydrolyzed with 1 ml 1N HC1 in a sealed test tube at
1200C for 2 hours. After cooling, the tube was cut
open and 0.2 ml internal standard solution (containing
20.jig myo-inositol) was added. The hydrolyzate was then
neutralized with 0.1 g barium carbonate and- the precip-
itate formed was removed by centrifugation. The super-
natant was evaporated to dryness, and then dissolved
in 2 ml of distilled water,- The monosaccharides in the
hydrolyzate were then reduced by an excess amount (about
10 mg) of sodium borohydride. Following reduction for
1 hour at room temperature, excess sodium borohydride
was decomposed by the addition of 200 )al 6N HC1 and the
sample was evaporated to dryness by the use of a rotatory
evaporator. Borate was removed as volatile trimethyl.
borate by. the addition of three 5-ml portions of methanol
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which concentrated to dryness by a rotatory evaporator
after each addition. For acetylation, 0.4 ml pyridine
and 0.4 ml acetic anhydride were added to the dry residue
and the flask was then capped. The sample was placed in
an 120°C oven for 30 min. After cooling, 5 ml distilled
water was added to the sample which was then evaporated to
dryness by a rotary evaporator. This process was repeated
five times. The dry acetylated mixture was dissolved in
20 yil chloroform, 1 )al of this aliquot was injected into
a Hewlett-Packard Model 7620 A gas chromatograph equipped
with a flame ionization detector, and a 52 feet 1 /8 inch
diameter metal column packed with 3% ECNSS-M on gas chrom
Q (Supelco, Inc.). The whole determination was performed
isothermally at 185°C with helium as carrier gas,
J. Determination of temperature of denaturation
The temperatures of denaturation of the peroxidase
isoenzymes were determined by differential scanning
calorimetry (Borrebaeck and Mattiasson, 1980 Cho et al.,
1982 Cho and Choy, 1980 De Wit and Swinkels, 1980
Donovan and Ross, 1973 Fujita and Noda, 1981 Koch-Schmidt
and Mosbach, 1977).
The denaturation curve of each isoenzyme was obtained
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on a Perkin-Elmer DSC-2 differential scanning calorimeter.
The isoenzymes were dissolved in 10 mM phosphate buffer,
pH 7.0. Enzyme solution (20 dal) was sealed into volatile
aluminum sample pans. Reference pans contained an equal
volume of phosphate buffer solution. Thermograms were
run from 310°K to 370°K using a heating rate of 5°K/min.
K. Oxidation of peroxidase isoenzymes
In order to study the correlation of carbohydrate
contents and the thermal stability of the peroxidase
isoenzymes, carbohydrate residues of the isoenzymes were
oxidized with periodate (Clamp and Hough, 19 65 Marshall
and Neuberger, 1972 Nakamura and Hayashi, 1974 Tashirc
and Trevithick, 1977).
Enzyme samples (1 mg) was dissolved in 1 ml 0.05M
sodium metaperiodate. This solution was incubated in
4°C in dark. At different time intervals, 0.2 ml 0.5M
mannitol was added to the incubating mixture to stop the
oxidation reaction. The mixture was then dialyzed against
distilled water for 48 hours. The enzyme solution was then
lyophilized and used for chemical and kinetic studies.
RESULTS
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A. Isoenzyrne pattern of horseradish peroxidase
By polyacrylarnide gel disc electrophoresis, three
anionic and five cationic isoperoxidases were obtained
(Fig. 1 -2) and they were designated according to their
mobility as Al, A2, A3 and C1, C2, C3, C4, C5 respectivel3
Enzyme and protein staining of the isolated peroxidase
isoenzymes are shown in Fig..3 and Fig. 4 for the anionic
isoperoxidases, while Fig. 6 and Fig. 7 for the cationic
isoperoxidases. The positive result in PAS staining
(Periodic Acid Schiff reaction) confirmed that the
isoperoxidases were glycoprotein in nature (Fig. 5
Fig. 8).
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Pattern of anionic isoenzymes of horseradishFig. 1









Pattern of cationic isoenzymes of horseradish
Fig. 2









Polyacrylamide gel disc electrophoresis of
Fig. 3




Protein staining of anionic isoperoxidasesFig. 4




GlYcoprotein staining of anionic isoperoxidases
Fig. 5





Polyacrylamide gel electrophoresis ofFig. 6





Protein staining of cationic isoperoxidasesFig. 7




Fig. 8 Glycoprotein staining of cationic




B. Physicochemical properties of peroxidase isoenzymes
1. Molecular weight
By means of sodium dodecyl sulphate (SAS) gel
electrophoresis, the molecular weights of the
isoperoxidase s were determined (Fig. 9). Bovine
serum albumin (M. W. 67,000), ovalbumin (M. W.
45, 000) and o(-chymotrypsinogen A (M.W. 25,000) were
used as standards (Fig. 10). The molecular weights
of the isoperoxidases are shown in Table 1.
2. Isoelectric point
Table 2 shows the isoelectric points of the
isoperoxidases which determined by means of
isoelectric focuing (Fig. 11), using ribonuclease
(PI 9.6), transferrin' (pI 5.9) and ovalbumin (pI 4.6)
as standards (Fig. 12)*
3. Carbohydrate content
Table 3 shows the neutral sugar compositions of
the 5 isoperoxidases determined by gas liquid
chromatography. It seemed that manno se was the
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major neutral sugar component of most of the
isoperoxidase s.
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Sodium dodecyl sulphate (SDS) slab gelFig. 9
electrophoresis of peroxidase isoenzymes.
BSA: Bovine Serum Albumin
OVAL: Ovalbumin
CHY: c-chymotrypsinogen A




Fig. 10 Log molecular weight of bovine serum albumin
(M. W. 67,000), ovalbumin (MW. 45,000)
and C-chymotrypsinogen A (M.W. 25,000)
plotted against their relative mobilities,
With known relative mobilities of peroxidase
isoenzymes, their molecular weights were
























Isoelectric focusing of peroxidase isoenzymesFig. 11
with Ampholine as carrier ampholytes.
RNase: Ribonuclease
trans: Transf errin
0 V1L: 0 valbum in
MIX: Mixture of ribonuclease, transferrin
and ovalbum in.
79
S 3 4 5 6
80
Isoelectric points of ribonuclease (pI 9.6),Figs 12
transferrin (PI 5.9) and ovalbumin (PI 4.6)
plotted against their mobilities.
With known mobilities of peroxidase isoenzymes
their isoelectric points were determined














Table 2. Isoelectric points of peroxidase
isoenzymes.







Table 3. Neutral sugar compositions of peroxidase isoenzymes.
Total carbohydrate
Isoenzyme rhamnose arabinose xylose mannose galactose glucose ug/mg
%by wt.
protein
Al 20.51 a 76.03 41.15 114.10 99.62 135.90 487.31 32.76
A2 20,77 14.90 22,30 47.76 13.28 8.57 127,58 10.00
A3 61.15 75.95 53.21 106.87 48.72 14.41 360-31 26-49
C2 27,50 6.43 38.05 78.97 trace trace 150.95 13.12
C3 11.76 21.71 19.42 34.64 13.21 12.51 113.25 10.17
aThe amount of neutral sugars is expressed as uag/mg protein,
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C, Catalytic activities of peroxidase isoenzymes
1. Peroxidase activities of isoperoxidases
The peroxidase activities of the isoperoxidases
were assayed as described in the Materials and Methods
section. Table 4 shows the specific activities of
different isoperoxidases. Among the anionic isoper-
oxidases, A2 had the highest specific activity
whereas in the cationic isoperoxidases, C2 had the
highest specific activity.
2. Michaelis-Menten_Constants --(Km) of isoperoxidases
The activities of peroxidase isoenzymes were
determined under different concentrations of substrates,
i.e. H202 and guaiacol.
In the first series of the experiment, the H202
concentration was fixed to be 20 mM, the activities
of the isoperoxidases were then determined under
different concentration of guaiacol. Their Michaelis-
Menten Constants (Km) were estimated by the
Lineweaver-Burk plot (Fig. 13 14).
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In the second series of the experiment, the
guaiacol concentration was fixed to be 20 mM, the
activities of the isoperoxidases were studied at
different concentrations of H202. Again, their
Michaelis-Menten Constants (Km) were estimated by the
Linewe aver-Burk plot (Fig. 1 5 1 6).
The Km's of the five isoperoxidases for H202
and guaiacol were summerized in Table 5.
3, pH profiles of isoperoxidases
The activities of the isoperoxidases at
.different pH were studied. The pH profiles of the
isoperoxidases are shown in Fig. 17 18. Al had
optimal activity at pH 7.0, A2, and A3 'had optimal
activity at pH 6.5. On the other hand, the cationic
isoperoxidases C2 and C3 had optimal activity at
pH 7.0•
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Fig. 13 Lineweaver-Burk plot of anionic iso peroxidase s
Al, A2, and A3 with respect to guaiacol
concentration.














Lineweaver-Burk plot of cationic isoperoxidasesFig. 14










Lineweaver-Burk plot of anionic isoperoxidasesFig. 15














Lineweaver-Burk plot of cationic isoperoxidasesFig, 16










Table 5. Michaelis-Menten Constants (Km) of peroxidase isoenzymes
for guaiacol and H202.
Isoenzyme Km for guaiacol Km for H202
(fix H202 conc.) (fix guaiacol conc.)
Al 10 mm 8 mm





Effect of pH on the peroxidase activities ofFig, 17
anionic isoperoxidases Al, A2 and A3.






















Effect of pH on the peroxidase activitiesFig. 18















D. IAA oxidase activities of peroxidase isoenzyme s
1. IAA oxidase activities of isoperoxidase s
The IAA oxidase activities of the isoenzymes
were assayed as described in the section of Materials
and Methods. Table 6 shows the IAA oxidase activities
of the five isoperoxidase s.
2. Michaelis-Menten Constants (Km) of isoperoxidases
for IAA oxidation
The activities-of peroxidase isoenzymes were
determined under different IAA concentrations. The
proportion of .-IAA to Mnremained constant in
various concentrations of IAA but the concentration
of dichlorophenol in the reaction mixture was not
altered. The- Michaelis-Menten Constants (Km) of
the isoperoxidases .were estimated- by the Lineweaver-
Burk plot (Fig. 19. 20) and are summerized in
Table 7.
3. pH profiles of isoperoxidase s for ILA oxidation
The activities of the isoperoxidase at
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different pH were studied. The pH profiles of the
isoperoxidases were shown in Fig. 21 22. All the
peroxidase isoenzymes had optimal activity at pH 6.00
102
Table 6. Specific activities of peroxidase
isoenzyme s for IAA oxidation.









Lineweaver-Burk plot of IAA oxidase activitiesFig. 19
of anionic isoperoxidases Al, A2 and A3 with
respect to IAA concentration.

















Lineweaver-Burk plot of IAA oxidaseFig. 20
activities of cationic isoperoxidases














Michaelis-Menten Constants (Km) of theTable 7.








Effect of pH on IAA oxidase activities of
Fig. 21
anionic isoperoxidases Al, A2 and A3.





















Effect of pH on IAA oxidase activities ofFig. 22















E. Thermal stability of peroxidase isoenzyme s
1. Change in carbohydrate content of isoperoxidases
before and after periodate oxidation
In order to study the correlation between the
carbohydrate content and thermal stability of the
isoperoxidases, carbohydrate residues of the isoper-
oxidases were oxidized by NaI04 as described in the
section of Materials and Methods.
The neutral sugar compositions of the peroxidase
isoenzymes after periodate oxidation are shown in
Table 8. Table 9 gives a comparison of the percentage
of carbohydrate contents of the isoperoxidases before
and after periodate oxidation.
2. Native peroxidase isoenzyme s:
a. Temperature dependence of peroxidase
activity
The activities of the isoperoxidases at
different temperature are shown in Fig. 23
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24. Their activities increased as the temperature
increased up to a certain degree. The isoperoxidase
Al had optimal activity at 75°C, while A2, A3, C2
and C3 had optimal activity at 80 °C.
b. Peroxidase activity after 70°C pre-incubation
After the enzyme solutions had incubated in
70°C for a certain period of time, the activities
of the isoperoxidases were measured at 25 °C.
The peroxidase activities for the peroxidase
isoenzymes decreased as the time incubated in 70°C
increased. Table l O shows the time required for
50% reduction in enzyme activities of the isoperoxidases
after pre-incubated in 70°C. The cationic
isoperoxidase C2 required the longest time (4.7 min.)
to reduce 50% of its activity, then followed by
Al, C3, A3 and A2 0
C. Temperature of denaturation
The temperatures of denaturation of isoperoxidases,
determined by differential scanning calorimeter,
are showed in Table 11. The anionic isoperoxidases
114
Al, J2 and A3 had similar temperature of denaturation,
i.e. their protein molecules would be denatured at
about 73.5°C. On the other hand, the cationic
isoperoxidases C2 and C3 had almost the same
temperature of denaturation, 87°C, 13.5°C higher
than the anionic isoenzyme s.
3. Periodate oxidation of peroxidase isoenzyme s:
a. Temperature dependence of peroxidase activity.
As for those native isoenzymes., the peroxidase
activity of the. oxidized isoperoxidases were assayed
at different temperature. Fig. 25 26 show the
activities of the-oxidized isoperoxidases at
different temperature. The isoperoxidase A2 had
maximal activity, at 65°C, while Al and A3 were at
70°C. For the cationic isoperoxidases C2 and 03,
their maximal activities were at 65°C. Table 12
gives a comparison of the temperatures for maximal
activities of the native and oxidized isoperoxidases.
For all five peroxidase isoenzymes, the temperatures
for maximal activities were shifted to lower degrees
after oxidation*
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b. Peroxidase activity after 700C pre-incubation
The oxidized isoperoxidases lost their activities
after pre-incubated in 70°C. Table 10 shows the time
required for 50% reduction in their activities after
incubated at 70°C C. A comparison of the time required
to reduce 50% activity for the isoperoxidases before
and after oxidation can be found in Table 10. After
oxidation, the time required for C2 to reduce half
its activity decreased about 4 fold, for other
isoenzymes, the time decreased about 10 fold.
c. Temperature of denaturation
The temperatures of denaturation of the oxidized
isoperoxidases were again determined by differential
scanning calorimeter and are shown in Table 11.
Table 11 also gives a comparison of the temperatures
of denaturation of the isoperoxidases .,before and
after periodate oxidation. All., the isoperoxidases
studied had a lower temperature of denaturation
after part of their carbohydrate moieties had been
cleaved off*
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4. Partial oxidation of peroxidase isoenzyme s:
a. Change in carbohydrate content after partial
periodate oxidation
In order to study whether there' is any correlation
between the amount of carbohydrates and the thermal
stability of the isoperoxidases, one of the isoenzymes,
C2, was subjected to differential periodate oxidation.
In this experiment, four 2 mg portions of C2
were each dissolved in 2 ml of 0.05 M NaI04' and
incubated in--4 OC in dark for 2, 2, 8, and 12 hours
.respectively. The neutral sugar compositions,. determined
by gas liquid chromatography, of the four C2 samples
are shown in Table 13..
b, Peroxidase activity after--70 0 C pre-incubation
As for those native-and oxidized isoperoxidases,
peroxidase activities for the partially oxidized C2
samples were assayed ::at 25° C after pre-incubated in
70°C. The time required-for 50% reduction-in peroxidase
activity for different samples was recorded and
summerized in Table 14.
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The correlation between the carbohydrate
content and the peroxidase activity after 700C pre-
incubation for the partially oxidized C2 samples
can be found in Table 15.
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Table 8. Neutral sugar compositions of peroxidase
isoenzyme s after periodate oxidation*
Total carbohydrate
Isoenzyme rhamnose arabinose xylose mannose galactose glucose }igmg o by
protein
Al 0 5,81 a 0 6.43 2.77 3.54 18.55 1.82
A2 0.96 5.22 1.85 3.35 3.21 2.80 17.30 1.71
A3 2,30 8.61 3.12 3.81 4.92 0.74 23.50 2,29
C2 1.91 5.89 0 29.30 0 0 37.10 3.58
C3 0 7.63 7.34 13.34 9.28 7.51 45.10 4.32
aThe amount of neutral sugars is express as }zg/mg' protein,
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Table 9. Comparison of the carbohydrate contents of the
peroxidase isoenzymes before and after periodate oxidation.
Isoenzyme
percentage carbohydrate by weight
before oxidation after oxidation lost uring oxidation







C3 10.17 4.32 58
a% calculated on protein base.
b% calculated on carbohydrate base,
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Dependence of peroxidase activity of anionic
Fig. 23
isoperoxidases Alt A2 and A3 on temperature,














Dependence of peroxidase activity of cationicFig. 24
isoperoxidases C2 and C3 on temperature,













Table 10. Time required for 50% reduction in enzyme activities
of the native and periodate oxidixed isoperoxidases
after 700C pre-incubation.
Time required for 50% reduction in activity after 700C pre-incubation
Isoenzyme
before oxidation after oxidation






Table 11. Temperatures of denaturation of the peroxidase
isoenzymes before and after oxidation.
Temperature of denaturation
Isoenzme before oxidation a ter oxidation





Since the concentration of the oxidized C3 was
too low, the temperature of denaturation of C3'
was not detected.
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Dependence of peroxidase activity of theFig.25
oxidized anionic isoperoxidases on
temperature.
Activity at 20°C was designated as 100%.
OA1: periodate oxidized Al
OA2: periodate oxidized A2












Dependence of peroxidase activity of theFig. 2 6
oxidized cationic isoperoxidases on
temperature.
Activity at 20°C was designated as 100%.
OC2: periodate oxidized C2















Table 12. Comparison of the temperatures for maximal activities
of the native and oxidized isoperoxidase s.
Isoenzyme Temperature for maximal activit







Table 13. Neutral sugar compositions of tile aiiierenTiai-Ly
oxidized C2 samples.
Time incubated Total carbohydrate
in NaIO 4 (hr} rnamnose arabinose xylose mannose galactose glucose ug/mg protein by wt
7.37a 7, 55 16.47 60.49 16 ,16 trace 108.04 9.75
2. 5.43 7.92 0 57.51 trace 0 70,86 6.62
8 5.19 9.70 0 51.62 trace 0 66.51 6.24
12 4.09 8,36 0 52, 81 trace 0 65.26 6.13
a The amount of neutral sugars is expressed as) ug/mg protein.
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Table 14. Time required for 50% reduction in peroxidase
activities for the differentially oxidized
C2 samples after 70°C pre-incubation.
Time incubated Time required for 50% reduction






Comparison of carbohydrate contents and time required for
50% reduction in peroxidase activities after 70C
pre-incubation for the differentially oxidized C2 samples.
Time incubated
Total carbohydrate Time required for 50% reduction
in NaIo4 (hr) content (% by wt.)












1. Horseradish peroxidase isoenzyme pattern
The number of isoperoxidases in horseradish root has
been reported to range from 7 to 42. By CM-cellulose ion
exchange column chromatography, Shannon et al. (1966) had
isolated four cationic isoperoxidases and three anionic
isoperoxidases by DEAE-cellulose column from horseradish
root. By CM-sephadex column chromatography, Aibara et al,
(1981) had isolated 6 basic (cationic) isoenzyme s from
horseradish peroxidase and-Hoyle (1977) had even
demonstrated the separation of 42 isoperoxidase bands by
means of isoelectric focusing.
In this study, the crude horseradish peroxidase was
separated into 3 anionic and 5 cationic isoenzymes by
polyacrylamide gel electrophoresis (Fig. 1 2). Purified
isoperoxidases were collected by re-electrophoresis as
described in the section of Materials and Methods. These'
isoperoxidases appeared to be pure from the protein and
enzyme staining (Fig. 3 4, Fig. 6 7). Due to the
trace amount of C4, C5 and the strong interference of
C1 with C2, only Al, A2, A3, C2 and C3 were used for
various studies. It is evident that the different numbers
of isoperoxidases reported by different researchers are
due to the variations in the mode of extraction, storage,
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age of the tissue and methods of isoenzyme detection, etc.
(Scandalios, 1974).
B. Physicochemical and catalytic properties' of peroxidase
isoenzymes
From SDS gel electrophoresis, the molecular weights
of the isoperoxidases were found to be slightly different
from each other (Table 1). Their molecular weights were
about 40,000 which were in agreement with others findings
(Aibara et al., 1981 Gaspar et al., '1982 Maehly, 1955
Paul and Stigbrand, 1970 van Huystee and Maldonado, 1982).
Amino sugars such as glucosamine and mannosamine had
been reported in peroxidase, but in a trace amount
(Aibara et al., 1981 Choy et al., 1979 Jutisz and de la
Llosa, 1972 Paul and Stigbrand, 1970 Shannon et al.,
1966). -Hence the amount of neutral sugars present in the
isoperoxidases could well represent the carbohydrate
contents of them. The contents of carbohydrate of the
isoperoxidases were about 10 to 33%. Just like most
glycoenzymes, mannose appeared to be the most abundant
monosaccharide in the isoperoxidases (Montgomery, 1973
Pazur and Aronson, 1972 Sharon, 1974).
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The isoelectric points of the anionic isoperoxidases
were around 3.7 but those of the cationic isoperoxidases
were higher than 9.0 (Table 2). The great difference in
isoelectric points suggested that the anionic and cationic
isoperoxidases might be two structurally distinct groups
1971).of isoenzyme s (Shih et al.,
The pH optima of the isoperoxidases A2 and A3 were
6.5 while those of the cationic isoperoxidases and Al
were 7.0 (Fig. 17 18). All the five isoperoxidases
had different affinity toward H202 and the hydrogen donor
guaiacol. It has been speculated that the existance of
isoenzymes increases the biochemical versatility of an
organism (Siegel and Galston, 1967). The presence of
various isoperoxidases with different affinities toward
the substrates may be of- great- importance in the
physiological activities of horseradish peroxidase.
C. IAA oxidase activities of peroxidase isoenzyme s
One of the multiple functions of -peroxidase has been
suggested as the regulation of the plant hormone--IAA by
the oxidation of IAA (Endo, 1968. Fieldes et al., 1982
Frenkel, 1972 Grison and Pilet, 1982 Lee, 1974 Palmieri
and Giovinazzi, 1982 Ray and Biswas, 1980 Robinson and
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Nagel, 1982 Sequeira and Mineo, 1966 Thomas and Jen,
1980 Yamazaki et al., 1968). However, there is no
equivocal evidence that this activity occurs in vivo
and involves all or most of the isoenzyme s. Studies have
been complicated by the fact that both peroxidase and IAA
oxidase may exist as several isoenzyme forms. Further,
the detection methods for peroxidase and IAA oxidase may
not be equally sensitive under experimental conditions
(Ray and Biswas, 1980 Scandalios, 1969).
Some researchers suggested that peroxidase and IAA
oxidase were two distinct enzymes (Scandalios, 1969
Sequeira and Mineo, 1966). Scandalios (1969) had even
proposed the possibility that IAA-oxidase was quite
another enzyme which had some peroxidatic activity or in
some cases contaminated by peroxidase. Supporters of
this group have been trying hard to isolate the IAA oxidase
activity from peroxidase preparations (Endo, 1968 Meudt,
1967 Sequeira and Mineo,_ 1966).
On the other hand,..the argument of the residence-of
IAA oxidase activity on certain peroxidase isoenzymes is
also ---successfully held. Robinson and Nagel (1982) had
demonstrated that of the two isoperoxidases from Papaver
seedlings, only one was active toward IAA oxidation, the
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other isoperoxidase had no IAA oxidase activity at all.
Other studies also showed that only some isoperoxidases
were able to oxidize IAA (Lee, 1974 Zee t al., 1977
MacNicol, 1966 Srivastava and van Huystee, 1973 Stonier
et al., 1979).
Despite the controversial suggestions on' the -residence of
IAA oxidase activity, most findings indicated that typical
idases were able to catalyze both peroxidation and
perox
IAA oxidation reactions (Fieldes et al., 1982 Fox et al.,
1965, Palmieri and Giovinazzi, 1982 Ray and Biswas, 1980
•
Thomas and Jen, 1980 Yainazaki et al., 1968 Yung et al.,
1979). All the five isoperoxidases Al, A2, A3, C2 and C3-
isolated in this investigation were able to oxidize IAA,
which is in agreement with the general findings.
five isoPeroxidase s had the same -pH optima,
All the
60 toward the IAA oxidation-reaction. ---The -pH profiles
. ,
of the isoperoxidases (Fig. 21 22) indicated that the
oxidation activities of the isoenzymes were more pH-.
IAA
'dependent than their peroxidation activities.
The specific activity of one of the cationic isoper-
oxidase, 02, toward IAA oxidation was found higher than
the other four isoperoxidases (Table 6). The specific
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IAA oxidation activity of C2 was about 5 times higher than
that of Al and between 10 to 20 times higher than that of
the other isoperoxidases. The IAA oxidase activities of
the five isoperoxidases showed classic Michaelis-Menten
kinetics (Fig. 19 20). The cationic isoperoxidases had
greater affinity toward IAA than the anionic ones. These
findings are in agreement with Kay et al. (1967) and
Ricard and Job (1974). The reason for the preference of
cationic isoperoxidases in IAA oxidation reactions is
still not yet known. However, in-several auxin-dependent
physiological and developmental studies, changes in
cationic isoperoxidases have been found indirectly or
directly correlated with the endogenous auxin level (Gaspar
et al., 1982).
Peroxidases have been found associated with various
physiological processes, including abscission (Craker
et al., 1970 Hall and Sexton, 1974 Poovaiah and Rasmussen,
1973) aging and senescence (Kar and Mishra, 1976-Stewart----
and Bewley, 1980 Truelove et al., 1975), apical dominance
(All-and Fletcher, 1971), dormancy (Gaspar et al., 1977
Navasero et al., :1975) fruit development and ripening
(Frenkel, 1972 Ku et al., 1970a Mat too and Modi, 1975),
germination-and early development (Ramaiah et al., 19 71
Sheoran and Garg, 1979), etc. All these physiological
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processes are related to the actions of the plant hormone
IAA. Moreover, specific and ordered changes in the
pattern of peroxidase isoenzymes have been found concomitant
with tissue differentiation in plants (Baja j et al., 1973
Birecka et al., 1972 Gurumurti and Nanda, 1974 Kruger
and LaBerge, 1974 Wolter and Gordon, 1975). Due to the
ability of peroxidase to act as IAA oxidase, it is claimed
that peroxidase plays a role in regulating the level of
endogenous IAA (Gaspar et al., 1982), and thus in tissue
differentiation and plant development. If the relationship
between peroxidase and IAA oxidase had been clarified,
the exact role of peroxidase in plant growth and development
would have been better understood.
D. Thermal stablity of peroxidase isoenzymes
It is well recognized that all chemical reactions are
temperature dependent. Since-enzyme catalyzed reaction
is a chemical reaction, the increase in temperature, in
general, increases the reaction rate. However, due! to the
protein nature of enzymes, the increase in reaction rate
by elevating temperature is. only up to, certain, tempera-
ture.' range. Thermal denaturation of the enzyme with
increasing temperature will decrease the effective concen-
tration of the enzyme, and consequently will decrease the
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reaction rate. As a result, enzymes exhibit optimal
activity only within a certain temperature range.
As shown in Fig. 23 24, the activities of the
isopezoxidases were enhanced when reaction temperature was
increased. Their activities increased with increasing
temperature up to 75 to 8000 C. The temperature optima of
these isoperoxidases were much higher than most other
enzymes which usually have temperature optima at around
450C and are inactivated at temperature above 550C or so*
In a series of experiment, the isoperoxidases were
pre-incubated at 700C for different periods of time and
then their activities were measured. The activities of
the five isoperoxidases examined were completely lost
after pre-incubated at 70CC for 5-10 min. The time
required to reduce 50% activity of each isoperoxidase,
i.e. the half-life of the isoenzyme at 7000, had been
recorded (Table 10). Since the longer the time required
to reduce 50% activity of the isoenzyme, the higher the
thermal* stability this isoenzyme should be, the time
required to reduce 50% activity is an indicator of the
stability of the isoenzyme.
The cationic isoperoxidase C2 was found to be the
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most stable isoenzyme (Table 10). The stabilities of
Al and C3 were comparable, which were about two times
less stable than C2. A2 and A3 were approximately ten
times less stable than the most stable isoperoxidase C2.
The temperature of denaturation of an enzyme has a
direct correlation with the actual physicochemical
properties of the enzyme molecules. From Table 11, all
the isoperoxidases were found to have very high temperature
of denaturation. The cationic isoperoxidases were more
thermal stable than the anionic isoperoxidases as their
temperatures of denaturation were about 13.5°C higher
than the anionic ones.
From the temperature optima, half-i'lives in 7000 and
temperature of denaturation of the isoperoxidases,. it
can be observed that the isoperoxidase s are more--. stable
than many- o ther enzymes at- high --temperature.
It has long been suggested that glycoproteins are
less susceptible to denaturation than other types of
proteins (Arnold, 1969 Choy et al., 1979 Nakamura and
Hayashi, 19740. Pazur and Aronson, 1972 Sharon, 1975
Tashiro. and Trevithick, 1977). The carbohydrate moieties
were proposed to function as stabilizers of the three-
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dimensional structure of the glycoenzyme molecule. It
was found that in a number of glycoenzymes, the carbohydrate
residues appeared to be attached to amino acid residues
situated at the surface of the enzyme molecule (Neumann et al.,
19 69 Pazur et al., 1969). The folding of the po lype pt ide in the
native molecule might be held in position through the
strategic location of the carbohydrate residues along the
chain, and the molecular transformations necessary for
denaturation might thus be hindered, The integrity of
the glycoenzyme might therefore be.preserved by its carbo-
hydrate residues (Arnold, 1969 Choy et al., 1979 Pazur
and Aronson, 1972).
. It is well established that peroxidase is a glyco-
enzyme (Gaspar et al., 1982 Jutisz and de la Llo sa, 1972).
In this investigation, the isoperoxidases Al, A21 A3, C29
C3 were found to have 32.76, 10.00, 26.49, 13.12, 10.17%
carbohydrates by weight respectively (Table 9). This
supports that all the five isoperoxidases are glycoenzyme s.
In order to study the correlation of the carbohydrate
residues with the thermal stability of the isoperoxidases,
the carbohydrate residues of the isoperoxidases were oxidized
by sodium metaperiodate. The thermal stability of the
oxidized isoperoxidases was then compared with those natve
isoperoxidase s.
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After periodate oxidation, the peroxidase activities
of all the five isoenzymes were reduced. Oxidation with
periodate has been shown to cause the loss of biological
activity in many proteins, including ribonuclease, immune
globulins and virus, lysozyme, lactate dehydrogenase,
gluco s idase and phosphatase (Clamp and Hough, 1965). It
was found that carbohydrate residues were not involved
in the catalytic processes (Pazur and Aronson, 1972
Sharon, 1975). Hence, the reduction in activities of the
glycoproteins after periodate oxidation would not be
directly due to the loss of carbohydrate moieties. On
the other hand, denaturation of the polypeptide backbone
might account for the reduction in activities. It has
been reported that various amino acids could be oxidized
by periodate, usually at a slower rate than sugars (Clamp
and Hough, 1965 Marshall and Neuberger, 1972). Oxidation
of certain amino acids might cause the break down of the
protein molecules and lead to the loss of catalytic
activities of the glycoenzymes.
The temperature optima of the oxidized isoperoxidases
were shifted to lower values when compared with those of
the native isoenzymes (Table 12). The time ,required to
reduce 50% activity at 700C, i.e. the half-lives at 700C,
for the oxidized isoperoxidases was also significantly
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reduced (Table 10). The time required to reduce 50%
activity at 70°C for the oxidized C2 was decreased about
4 folds and those -for the other four oxidized isoperoxidases
were decreased about 10 folds. The temperatures of dena-
turation of the oxidized isoperoxidases were also shifted
to several degrees lower than the native isoperoxidases
(Table 11). All these results indicated that the native
isoperoxidases, with intact carbohydrate residues, were
less susceptible to thermal denaturation than the oxidized
isoperoxidase which had lost most of their carbohydrates,
In order to correlate the carbohydrate content with
the susceptibility to thermal denaturation of the isoper-
oxidase, the most abundant isoperoxidase, C2, was subjected
to partial periodate oxidation. .fter oxidized for
different periods of time, different amount of carbohydrate
was left in the isoperoxidase C2 (Table 13). From Table
15, it-was observed that-the more carbohydrate C2 had, the
longer the time required to reduce 50% of its activity
.after pre-incubated at 70°C.
It was found that the rate of denaturation of
invertase isoenzymes was inversely proportional to the
.carbohydrate contents of these isoenzymes (Arnold, 1969
Tashiro and Trevithick, 1977). Isoenzymes having a high
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content of carbohydrate were quite resistant to denatura-
tion, whereas isoenzymes low in carbohydrates were rapidly
denatured. Extensive oxidation of glucamylase I from
Aspergillus niger, containing 15% sugar by weight, markedly
reduced the enzyme stability (Pazur and Aronson, 1972).
Nakamura and Hayashi (1974) studied the heat stability of
glucose oxidase in the presence of SAS and found that the
periodate-oxidized enzyme was much less stable than the
native enzyme.
Marsh et al. (1977) studied the role of carbohydrate
in the thermal stability of protein molecules by another
approach. They modified the protein molecule by the
attachment of carbohydrate groups on to it. By the use
of sodium cyanoborohydride, lactose and N-acetylneuraminyl
lactose were reductively coupled to asparaginase. The
lactosylated enzyme had higher thermal stability than the
original enzyme. Borrebaeck and Mattiasson (1980) also
demonstrated-that-increased thermal stability was attained
by the carbohydrate modified concanavalin A.
All these findings indicated that there is a positive
correlation between the carbohydrate content and the thermal
stability of the protein molecules. The present study on
isoperoxidases supports the above contentions. The
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carbohydrate residues in the native isoperoxidases may
play a role in stabilizing the tertiary structure of the
protein moieties and thus maintaining the thermal stability
of the isoenzyme molecules. However, many intrinsic
factors may contribute to the thermal stability of proteins
(Argos et al., 1979 Perutz, 1978 Tuengler and Pfleiderer,
1977 Ugarova et al., 1979). The carbohydrate residues of
glycoenzymes certainly play an important role in maintaining
the stability of the enzymes,
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